The methods used in sample preservation may affect the description of the microbial community structure by DNA-based techniques. This study aims at evaluating the effect of different storage conditions, including freezing, adding two liquid-based preservatives or simply storing samples with no preservative, on the structure of the microbial communities in aliquots of organic-rich soil and water samples as revealed by a terminal restriction fragment length polymorphisms. The results showed that the number of terminal restriction fragments (TRFs) detected in soil aliquots stored with LifeGuard TM solution was significantly lower than that of samples analyzed immediately after sampling. Moreover, cluster and PCA analyses showed that soil aliquots stored using LifeGuard TM clustered separately from those stored with the other methods. Conversely, soil and water aliquots stored with DMSO-EDTA-salt solution did not show either significant reduction in the number of TRFs or any change in the structure of the microbial community. Finally, the number of TRFs and the structure of microbial communities from soil aliquots stored with no preservative did not differ from those of aliquots analyzed immediately after sampling. Preservation methods should therefore be accurately evaluated before collecting samples that have to be stored for long time before DNA extraction.
Introduction
An accurate description of the microbial community structure by DNA-based technologies relies on the amount and quality of nucleic acids recovered from environmental samples, which, in turn, are mostly affected by the methods used in sample collection and preservation and in the extraction of the nucleic acids (Osborn & Smith, 2005) . Different protocols for sample collection and DNA extraction have been developed and proposed in the last 20 years, enabling microbiologists to achieve high yields and highly pure DNA/RNA extracts even from challenging materials (e.g. humic acid-rich soils; Leff et al., 1995; Elsas et al., 2000; Sessitsch et al., 2002; Carrigg et al., 2007) . Conversely, few investigations have addressed so far the effect of different sample preservation methods on the accuracy of the description of bacterial community structure that can be obtained by following DNA-based analyses (Elsas et al., 2000; Sessitsch et al., 2002; Clark & Hirsch, 2008; Lauber et al., 2010; Rissanen et al., 2010; Gray et al., 2013) . Indeed, improper sample preservation may determine DNA degradation and therefore bias the structure of the bacterial community that can be observed by any following DNA-based analysis. For soil samples in particular, contrasting evidences exist in the literature. Dolfing et al. (2004) demonstrated that it is possible to assess soil microbial community composition in samples that have been dried and stored for as long as 50 years, and other studies have showed that airdrying and sample storage at room temperature did not bias the assessment of the whole community composition (Klammer et al., 2005; Lauber et al., 2010; Rubin et al., 2013) . Conversely, Tzeneva et al. (2009) found that sample drying and storage at room temperature significantly altered the composition of the observed microbial community. Moreover, most of the studies addressing the effect of storage conditions on the outcome of the analyses of soil microbial community have investigated only the effects of preservation time and temperature and physical treatments such as lyophilization (Sessitsch et al., 2002; Lauber et al., 2010) . However, in many cases, such as during sampling campaigns in remote areas of the world, low-temperature storage and lyophilization are not practical. In those cases, the use of nonhazardous storage solutions may be a valuable alternative, provided that bacterial community structure can be reliably assessed when back in the laboratory. To the best of our knowledge, only two previous studies have tested the effectiveness of liquid-based preservatives for preserving bacterial communities in samples intended to be investigated by DNA-based analyses (Rissanen et al., 2010; Gray et al., 2013) . Indeed, DMSO-EDTA-salt solution (DESS), which represents a cheap alternative to expensive proprietary products, has been tested so far on liquid cultures only (Gray et al., 2013) . Therefore, an assessment of the performance of different preservation methods on samples intended to DNA-based analyses is necessary, especially before any sampling in remote areas.
In this study, we evaluated the effect of two liquidbased preservatives [the proprietary LifeGuard TM (MO BIO, Carlsbad, CA) and the nonproprietary DESS] on the structure of the microbial communities in organic-rich soil and water samples as revealed by DNA-based terminal restriction fragment length polymorphisms (T-RFLP). The results have been compared with those obtained from samples analyzed immediately after sample collection and used as a reference of 'true' bacterial communities as well as with those obtained from samples stored at different temperatures and with frozen samples, which should represent samples stored with an 'optimal' preservation method.
Materials and methods

Sampling methods and handling
Surface soil samples were collected in the garden of the University of Milano-Bicocca (Milano, Italy, approximate coordinates of sampling site: 45°30 0 49″ N, 9°12 0 39″ E), while water samples were collected from a stream in an urban park near the University campus (Parco Nord, Milano-Italy, 45°31 0 54″ N, 9°12 0 27″ E). The organic matter of the soil sample was 56 mg g À1 , as determined on dry soil sample (62°C, 24 h) after overnight combustion (Howard, 1965) .
Soil and water samples were brought to the laboratory within 20 min without adding any preservative. In the laboratory, the soil was homogenized by hand-mixing and divided into 2 g aliquots, while water samples were homogenized, divided into 100 mL aliquots and filtered on nitrocellulose filters (Ø = 0.45 lm). Hence, in this study, each aliquot consists of 2 g of soil or one nitrocellulose filter. Two aliquots of soil and two of water were immediately analyzed (aliquots 'analyzed immediately after collection', AIAC hereafter), while the other ones were stored under different conditions as detailed below.
The proprietary preservative solution LifeGuard TM was used as purchased according to manufacturer's instructions (i.e. 6 mL of solution for 2 g of soil), while the nonproprietary DESS was prepared as described in Yoder et al. (2006) and used in the same proportion as the LifeGuard TM . Aliquots of samples without any preservative were stored at À20, 4, and 30°C, while LifeGuard TM -and DESS-preserved samples were stored at 4 and 30°C. Storage times for each combination of preservative and temperature were 15 or 30 days for soils and 15 and 46 days for water samples. For brevity, hereafter we will refer to 'preservation method' as to the combination of type of preservative (none, LifeGuard TM , DESS), storage time (15 or 30 days for soil, 15 or 46 days for water), and temperature (À20, 4 or 30°C). Figure 1 summarizes the different preservation methods.
DNA extraction and amplification
The total genomic DNA was extracted from 0.25 g of soil or half filter from each of the two AIAC aliquots or from each aliquot stored with a different preservation method using ZR Soil Microbe DNA Miniprep (Zymo Research Corporation, Irvine, CA) according to manufacturer's instructions. Before the extraction, the samples preserved with LifeGuard TM and DESS were centrifuged at 2500 g for 5 min to remove the preservative solution, according to MO BIO protocol. 16S rRNA gene fragments were PCR-amplified and purified as previously described (Rivelli et al., 2013) .
Endonucleolytic digestions were performed in a 20 lL reaction, containing 10 U of MspI (Promega Corporation, Madison, WI) and 600 ng of amplified DNA for 1.5 h at 37°C. T-RFLP profiles were obtained and analyzed as reported in Rivelli et al. (2013) . T-RFLP profiles provide the relative abundance of different terminal restriction fragments (TRFs hereafter), which, in turn, represent different microbial strains roughly corresponding to genus level.
Statistical methods
Singletons (i.e. TRFs found in one sample only) were removed from the dataset before all the analyses because they may inflate variance explained by models (Legendre & Legendre, 1998) .
Multivariate analyses of the structure of bacterial communities were based on several techniques (Borchard et al., 2011) , namely hierarchical cluster analysis with the complete linkage method, principal component analysis (PCA), multivariate regression tree (MRT), and redundancy analysis (RDA). All analyses were based on Hellinger distances between bacterial communities as assessed by the relative abundance of TRFs. This distance is a measure of the difference in the structure of bacterial communities between aliquots (Legendre & Legendre, 1998; De Caceres et al., 2010) . In MRT analyses, the best tree was chosen as the smallest one whose cross-validated relative error (CVRE) was within 1 standard error of the CVRE of the best tree (Borchard et al., 2011) . CVRE ranges between zero (perfect predictors) and close to one (poor set of predictors, Borchard et al., 2011) . In RDA, preservation method and storage temperature and time were entered as predictors. Post hoc tests in RDA were performed by comparing each level of the factor of interest with a reference level, which consisted, alternatively, in the structure of bacterial communities obtained from AIAC samples or from frozen samples. These post hoc comparisons therefore follow the same logic as the Dunnet method of performing post hoc tests in ANOVA models, that is, they assessed significance of selected comparisons only. As a consequence, a significant main effect may not necessarily imply significant Dunnet post hoc comparisons, because significant differences may occur in comparisons that are not of interest. Significance values of post hoc tests were corrected for multiple statistical tests with the false discovery rate (FDR) method (Banjamini & Hochberg 1995) .
In a following step of RDAs, we excluded AIAC aliquots and analyzed separately those stored for different times. The logic behind these analyses is that sometimes samples cannot be analyzed immediately after collection (e.g. when samples are collected in remote areas) and therefore must be stored in some way. The reference level for post hoc tests in these analyses is therefore the bacterial community of frozen aliquots, which represent the 'optimal' (but often impractical) preservation method.
If a given preservation method is not effective in avoiding degradation of bacterial DNA, we expect that the number of OTUs that could be retrieved from samples stored with that method is lower than that observed in AIAC samples. To test for this hypothesis, we compared the number of OTUs of samples stored with different preservatives and AIAC samples, or frozen samples stored for the same amount of time, by Poisson generalized linear models (GLMs) followed by Dunnet post hoc tests. All the analyses were performed in R 2.15.2 (R Core Team, 2012).
Results
Multivariate analyses
We were unable to amplify two soil samples stored for 30 days at 30°C, one with no preservative and one with LifeGuard TM , the two water samples stored for 15 days with no preservative at 30°C, and the two water samples stored for 46 days with no preservative at 30°C. These samples were excluded from the subsequent analyses. Overall, 45 TRFs were identified in soil samples and 22 in water samples. After singletons removal, 31 TRFs were retained in the analyses of soil samples, and 16 in those of water samples.
Cluster analyses and PCA plots indicated that soil aliquots stored with LifeGuard TM were separated from those stored with other preservatives (Fig. 2a and b) , while separation of water aliquots stored with 
LifeGuard
TM or other preservation methods was less clear (Fig. 3a and b) . Importantly, soil aliquots stored with LifeGuard TM formed a different cluster than all the other ones (Fig. 2a) , and in PCA plot, they were separated from AIAC aliquots (Fig. 2b) , while those stored with other preservatives were not. Water aliquots stored with LifeGuard TM were also separated from the others, albeit not as clearly as for soil samples (Fig. 3b) . MRT analyses on both soil and water aliquots indicated a tree with two leaves as the best one, although performance of the models was rather low (CVRE ≥ 0.61). In both cases, aliquots stored with LifeGuard TM were separated from both those stored with other methods (including freezing) and AIAC aliquots.
RDAs on soil and water aliquots indicated that the structure of bacterial communities significantly differed among aliquots stored with different preservatives but not for different times (Table 1 ). In addition, soil bacterial communities did not differ between aliquots stored at different temperatures, while those of water samples did (Table 1) . However, post hoc tests disclosed no significant difference between soil or water aliquots stored with different preservatives and AIAC ones neither between water aliquots stored at different temperatures and AIAC ones (F 1,8 ≤ 6.89, P FDR ≥ 0.08 in all cases).
Analyses run separately on aliquots stored for different times and excluding AIAC samples showed significant differences among aliquots stored with different preservatives (Table 2 ). However, Dunnet-type post hoc tests indicated that bacterial communities of frozen aliquots did not differ from those of aliquots stored with any preservative for the same amount of time (F 1,4 ≤ 7.22; P FDR ≥ 0.12 in all cases). A significant effect of temperature appeared only in water samples stored for 15 days (Table 2 ), but also in this case, post hoc tests did not disclose any significant difference between samples stored at 4 or 30°C and samples stored at À20°C (F 1,6 ≤ 1.82; P FDR ≥ 0.39 in all cases).
Number of TRFs
Poisson GLMs indicated that the number of TRFs differed between samples stored with different preservatives and this occurred for both soil and water samples (LRT: v 2 4 ≥ 9.80, P ≤ 0.04). Post hoc tests on soil samples indicated that samples stored with LifeGuard TM included a significantly lower number of TRFs than AIAC samples (À9.00 AE 1.22 SE OTUs, z = À3.18, P < 0.01; |z| ≤ 1.15, P ≥ 0.52 in all the other cases). Conversely, post hoc tests on water samples did not reveal any significant difference (|z| ≤ 2.36, P ≥ 0.06 in all cases).
Analyses restricted to soil samples stored for 15 or 30 days (thus excluding AIAC samples) confirmed significant differences in the number of TRFs that could be observed in samples stored with different preservatives (15 days: v 
Discussion
In this study, we investigated how storage condition, including the preservative added to samples, can alter the structure of bacterial communities compared to the one that could be retrieved if samples were analyzed immediately after they were collected. A limit of this study is that we investigated only one soil and water sample, so that our results can be representative only of the performance of preservation methods on samples with similar characteristics. However, we stress that we chose a soil with high organic carbon content whose analysis is particularly challenging due the high activity of nucleases and the possible co-extraction of inhibitors affecting downstream analyses.
During all the phases of the process of DNA-based characterization of the microbial community of soil and water samples collected in the field, the quality and the quantity of DNA should be preserved, from the time of collection to that of DNA extraction. Very often, storage of samples is unavoidable due to the lack of facilities in the field. In this case, storage at À20°C (freezing) is considered the best preservation method for samples that will be used for analyses of bacterial community structure. However, even freezing samples may not be an option, particularly when samples are collected in remote areas of the world, and therefore, the ability of alternative preservation methods of preserving the original microbial community structure should be explored.
Our results did not disclose any difference in the structure of bacterial communities retrieved from samples stored with no preservative at different temperatures, including frozen samples, and that from samples analyzed immediately after collection, in agreement with previous reports (Lauber et al., 2010; Rissanen et al., 2010; Rubin et al., 2013) . In particular, Lauber and colleagues have even suggested that the samples they collected could be stored and shipped at room temperature without having a significant impact on the assessment of the overall community composition or on the relative abundances of most major bacterial taxa (Lauber et al., 2010) . Our results confirm their findings, as samples stored with no preservative did not differ in the number of TRFs or in the structure of bacterial communities from AIAC and frozen samples.
The lack of influence of storage temperature on bacterial community composition that they observed may be due to the fact that storage and shipping temperature did not differ significantly from ambient temperature at the place where sample were collected. Conversely, the relative abundance of the microbial populations may largely change if samples are stored and transported at temperatures that are markedly different from those at the collection site, due, for example, to differential growth of psychrophilic or thermophilic populations. Our results seem to contradict this hypothesis, because community structure observed in aliquots stored with no preservative did not differ from that of AIAC or frozen aliquots, independently of temperature and time of preservation. However, DNA seems to degrade in a few days in water aliquots stored at high temperature, as indicated by the fact that we failed in amplifying water aliquots stored at 30°C.
We expected that the use of bacteriostatic or bactericide preservative agents might enhance bacterial preservation. Unexpectedly, our results showed that LifeGuard TM solution led to a significant reduction in the number of TRFs that could be detected in soil aliquots compared with AIAC ones. Moreover, cluster and PCA analyses showed that soil aliquots stored using LifeGuard TM clustered separately from the samples stored with other methods. Although RDA did not find a significant difference between aliquots stored with LifeGuard TM and AIAC ones, the overall results might indicate that the addition of LifeGuard TM was not a suitable preservation strategy for our soil samples.
Results from multivariate analyses on water samples were similar to those of soil samples, with only three aliquots stored with LifeGuard TM that clustered with the other ones, while all the other aliquots stored with this preservative grouped in a separate cluster. Preservative solutions can have different performances for water and soil samples. For example, DNAgard TM and RNAlater â have good preservation performances on liquid cultures (Gray et al., 2013) , while RNAlater â led to a significant reduction in extraction yield of DNA and RNA and to changes in the relative representation of some major taxa in sediment samples (Rissanen et al., 2010) . This behavior may be due to the precipitation and fixation of proteins and organic matter onto nucleic acids as a consequence of the presence of ammonium sulfate, which is used for protein precipitation, in the RNAlater â formulation (Rissanen et al., 2010) . This may not apply to LifeGuard TM because, according to the patent (US patent 6,458,546), it contains no compounds used for protein precipitation. The reason of this difference in the performance of LifeGuard TM in preserving soil and water samples needs therefore to be further investigated.
The performance of the nonproprietary liquid solution DESS and the phenol-chloroform-isoamyl alcohol in storing bacterial communities without altering their structure has been already tested. In particular, phenolchloroform-isoamyl alcohol was used on sediment samples and was able to preserve both the DNA and RNA yields and the bacterial community structure of sediments owing to the inactivation of nucleases (Rissanen et al., 2010) , and DESS was able to properly preserve liquid cultures of culturable bacteria (Gray et al., 2013) . In our study, DESS was successfully applied also to soil and water samples as it did not show any significant reduction in TRF abundance and did not modify the structure of the community as revealed by DNA-based T-RFLP. Life-Guard TM and DESS share the presence of the divalent metal chelator EDTA and high salt concentration which inhibit DNA polymerase and other cleavage enzymes and prevent DNA precipitation, respectively. However, DESS contains also DMSO which is an excellent bipolar extraction solution for soil organic matter. DESS is removed by centrifugation before the DNA extraction, thus removing possible inhibitors of downstream analyses from the samples. These differences in the formulation of the two preservative solutions may explain their different performances in preserving soil and water samples.
In conclusion, our and previous studies demonstrated that storage conditions have different effects on the outcomes of molecular microbiological studies. These effects are sample-specific as they depend on the type of sample (soil or water) and its physicochemical properties (Rissanen et al., 2010) .
Our results suggest that in all the cases when freezing is not possible, storage of soil samples can be safely performed with no preservative, while storage of water samples with no preservative should be avoided when samples are stored at high (about 30°C) temperature. The nonproprietary DESS solution is a valid alternative for storage of soil and water samples.
